Silver Lake is a shallow body of water located in the towns of Meriden and Berlin, Connecticut ( fig. 1 ). The lake is highly eutrophic and, in the summer months, experiences profuse macrophyte growth and algal blooms. The lake bottom has been mined in the past for peat and several sources have reported a significant thickness of peat and other fine-grained sediments beneath the lake (J. C. Moulton, Connecticut Department of Environmental Protection, written commun., 1973; Charles Fredette, Connecticut Department of Environmental Protection, written commun., 1980; C. A. Seiner, Central Connecticut State University, written commun., 1981) The State of Connecticut has considered dredging to deepen all or part of the lake in order to help control weeds and restore the lake to a usable recreation area. However, the texture and thickness of lake-bottom deposits is not well known and this information is needed to plan the restoration work. This type of information is also needed in other lake studies where the interactions between lake and ground waters, and nutrient balance studies are being conducted (T. L. Winter, U.S. Geological Survey, written commun., 1983). 
Purpose _ar^d Scope
This report presents the results of a study, done in cooperation with the Connecticut Department of Environmental Protection, to determine if groundpenetrating radar techniques could be used to delineate the thickness of soft organic and inorganic sediment in Silver Lake. Interpretations of radar profiles were verified by test borings.
Description of Study Area
Silver Lake occupies a glacial kettle hole and is surrounded by unconsolidated glacial deposits ( fig. 2) . The lake formed where a large block of ice, detached from a glacier, was buried by debris, and subsequently melted, leaving a depression in the local topography. Coarse-grained glacial sediments, then later fine-grained silt and clay mixed with organic material were deposited in this depression. Collapsed ice-contact stratified drift occurs on the eastern shore, and kame-terrace and ice-channel deposits are mapped on the western shore (Hanshaw, 1962) . These deposits, in the Meriden quadrangle, generally range from fine sand to gravel. A bedrock contour map by Haeni (1976) based on drill-hole data from LaSala and Meikle (1964) and Mazzaferro (1973) and the bedrock geologic map (Hanshaw, 1968) indicates that the bedrock surface is over 100 feet deep in the southwest corner of the lake but it is close to the land surface near the northern part of the lake.
Three test borings were drilled on the edge of Silver Lake on January 5, 1984 to obtain data on the subsurface material surrounding the lake. The location of these sites is shown in figure 6 and the geologic logs of these holes are shown in table 1. Test hole ME 37TH penetrated 15 feet of till or very poorly-sorted sand and gravel, which is probably indicative of the material along the entire eastern shore of the lake and possibly underlying the eastern side of the lake. Split-spoon samples from test hole B 85TH, on the north side of the lake on the other hand, contained primarily very fine sand and silt, with a few layers of gravel.
Samples from test hole B 84TH, on the western side of the lake, were similar to those from B 85TH and consisted primarily of silt with some sand layers. Logs of other borings made at the south end of the lake (Dames and Moore 1981) , also show that subsurface materials consist of sands and silts.
THEORY OF GROUND-PENETRATING RADAR
Ground-penetrating radar systems radiate short pulses of electromagnetic energy from a transmitting antenna. This energy enters the subsurface and, when electrical inhomogeneities are encountered, some energy is reflected back to the radar antenna and some transmitted downward to deeper layers. Electrical inhomogeneities are present in most hydrologic settings, especially at changes in degree of saturation, in clay content, or in composition of the subsurface materials. Each entry lists U.S. Geological Survey test-hole number, location number, owner, year drilled, altitude of land surface, depth to water (if available), source of log, and description of earth materials penetrated.
Location number: Location number is the latitude and longitude of test hole site.
Altitude: Land surface at test-hole site, in feet above mean sea level, estimated from topographic map with 10-ft contour interval.
Depth to water: Measurement generally made shorthly after completion of test hole and may not represent static conditions. Expressed in feet below land surface.
Source of log: All logs by U.S. Geological Survey.
Description of earth materials: Logs of test holes of the U.S. Geologiccal Survey are based on the Wentworth grain-size classification shown.
Terms used in logs of test holes of the U.S. Geological Survey.
Sand and gravel-Sorted stratified sediment varying in size from boulders to very fine sand. "Poorly sorted" indicates approximately equal amounts, by weight, of all grain sizes.
Till--A predominantly nonsorted, nonstratified sediment deposited directly by a glacier and composed of boulders, gravel, sand, silt, and clay.
End of hole-Depth of bottom of test hole in which bedrock or refusal was not reached.
Refusal -Depth at which the drill equipment could not penetrate farther.
Percentage by weight of individual components in the sample. The reflected signal is amplified, recorded, transformed to the audio frequency range, processed and displayed. The record displays the total traveltime for a signal to pass through the subsurface, reflect from an inhomogeneity, and return to the surface ( fig. 3 ). This two-way traveltime, measured in nanoseconds (ns) (equal to 10-9seconds*) can be converted to thickness of materials if the relative dielectric permittivity of the subsurface material is known or if a control point is available from which it can be calculated. The relative dielectric permittivity is a measure of the capacity of a material to store a charge when an electric field is applied relative to the same capacity in a vacuum (Sheriff, 1984) .
If the depth to a reflector is known, the relative dielectric permittivity at a given point can be calculated using: Er = (t/2)2 x (c/d)2 (1) where: Er = relative dielectric permittivity (a dimensionless ratio); t = two-way travel time, in seconds; c = speed of light in free space, in feet per second (9.835712 x 108) and; d = depth to the reflector, in feet.
If the relative dielectric permittivity is calculated from equation 1 or can be estimated from published data, the depth to a reflector can be calculated by rearranging the above equation to:
The radar wave velocity (Vm ) i s equal to :
The penetration depth of a ground-penetrating radar system depends primarily on the conductivity of the earth materials, and also on the frequency of the electromagnetic waves (Geophysical Survey Systems, Inc., 1974; Olhoeft, 1984) . In general, the radar system will penetrate resistive or low-conductivity earth materials and will not penetrate conductive or low-resistivity units. Penetration depths of 90 feet in clay-free sand and gravel have been reported (Wright and others, 1984) and less than 3 feet in clay-rich soil (Olhoeft, 1984) .
Radar has been used to determine the thickness of organic material such as peat in many studies (Geophysical Survey Systems, Inc., 1974; Bjelm, 1980; Ulriksen, 1980 Ulriksen, , 1982 , and the results have been shown to agree closely with test-hole data (Ulriksen, 1982) .
RADAR FIELD METHODS
A commercial ground-penetrating radar system with a 80 megahertz (MHz) center frequency antenna was used to profile the soft organic and inorganic sediments beneath Silver Lake. The profiling was done in March 1984, when the lake was frozen and covered by 1 foot of ice and 6 inches of snow. The electronic equipment was mounted on a sled ( fig. 4) (fig. 5) . Approximately 4 miles of profile line were run in one field day ( fig. 6 ). Geographic positioning was accomplished by maintaining a constant speed between two known points on the lake shore.
RESULTS OF RADAR PROFILING
Interpretatio n_o f J?jL^JlJ>J^o_fi_l_e s
The field radar records were interpreted using velocity data calculated from previously published relative dielectric permittivities for ice, freshwater, and peat. Relative dielectric permittivities for peat ranging from 43 to 74 have been published (Geophysical Survey Systems, Inc., 1974; Ulriksen, 1982) and a value of 56 was used for this study. This value was determined by comparing the calculated thickness of sediment at two locations with preliminary coring data. Commonly used relative dielectric permittivities of 4 for ice and 81 for freshwater also were used (Geophysical Survey Systems, Inc., 1974; and Ulriksen, 1982) .
The radar velocities determined for each material, using equation (3) and the assumed relative dielectric permittivities were: ice, 0.5 ft/ns; water, 0.11 ft/ns; and peat, 0.13 ft/ns. These velocities were used to calculate depths using equation (2) and to map the thickness of the sediments in Silver Lake. The assumption was made that the soft sediments have a radar velocity that is similar to peat and that these materials are uniform and have a constant radar velocity throughout the lake.
On most profiles, the thickness of the snow and ice was not observed and the radar was not able to penetrate the entire thickness of the soft sediments on the lake bottom. The lack of penetration probably is due to the presence of silt and clay mixed with the organic material. Using the previously listed velocities, approximately 1 foot of ice, 4 to 5 feet of water, and about 5 feet of soft sediment could be penetrated by the radar signal. More than 5 feet of soft sediment exists in a large part of the lake, but total thickness could not be determined using this geophysical method. The ice-water interface was not observed due to its limited thickness and multiple radar echoes. Typical radar profiles and geologic interpretations are shown in figures 7 through 10. The locations of these profiles are shown in figure 6 .
Because the radar unit measures the time between the outgoing radar pulse and the return of the reflected signal, the depth to individual reflectors must be calculated. This can be done using the following formula: In the interpreted profiles shown in figures 7-10, an approximate depth scale has been added. This scale is only for purposes of illustration and assumes a constant thickness of ice and water above the soft material. Figure 11 shows the thickness of soft organic and inorganic material beneath Silver Lake. The large area in the center of the lake where no radar reflections were obtained from the subsurface is interpreted as having greater than 5 feet of soft organic and inorganic material below the lake bottom.
Verification of Radar-Profiling Interpretations
To confirm the radar results, 13 sites were cored along radar profiles A-C and C-D. The location of these sites is shown in figure 6 . The core data were also used to verify the assumed radar velocities used to interpret the radar records. The material penetrated in the cores was predominantly black organic ooze, fibrous peat, and inorganic silt and clay. This was underlain by a hard substrate that was not recovered in the cores. This hard bottom layer is believed to have been sand and gravel or sand and silt deposits. Table 2 compares the thicknesses of organic material and the water column calculated from the radar data to thicknesses measured in the cores. The thickness of ice is not included because it was not detected by the radar and was determined to be 1 foot thick over the entire lake. The differences are small and are attributible to errors in correlating the locations on the radar profiles with the cored sites and to variations in the composition of the soft lake-bottom sediments.
CONCLUSIONS
Ground-penetrating radar is a geophysical technique that can be used to economically map the thickness and extent of soft organic and inorganic sediment deposited in lakes. Penetration depths may be limited by the presence of conductive material, primarily silt and clay. Ground-penetrating radar was able to penetrate 6 inches of snow, 1 foot of ice, 4-5 feet of water, and up to 5 feet of soft organic and inorganic sediments in Silver Lake located in the towns of Meriden and Berlin, Connecticut. Most of Silver Lake is underlain by more than 5 feet of soft organic-rich sediment, but deeper radar penetration was probably prevented by the presence of significant quantities of silt and clay in the subsurface material.
Boring logs around the perimeter of the lake indicate that the soft materials in the eastern part of Silver Lake may be underlain by till or poorlysorted sand and gravel, and that the rest of the lake is probably underlain by fine sands and silts with some discontinuous areas of sand and gravel. 
